For absolute calibration of the vertically polarized 200 MeV proton beam at BNL Linac, we detect in left/right symmetric scintillator detectors the elastic protons from the beam scattering on the Carbon target. The detectors are located at angles θ Lab = ±16.2 • , at which analyzing power of the elastic scattering has local maximum of 99.35%. Variable length copper absorbers of ∼40 mm thickness are installed in both arms of the polarimeter to suppress the inelastic protons. During RHIC Run 2017 we upgraded the polarimeter DAQ with a 250 MHz12 bit WFD. The detailed analysis of all detected events allowed us to properly isolate scattered proton signals and to control in-situ the efficiency of inelastic proton suppression. The systematic error in absolute polarization measurement was confirmed to be σ syst P /P ∼ 0.5%. 
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Introduction
The polarized beam for RHIC spin physics experimental program at Brookhaven National Laboratory (BNL) is produced in the optically-pumped polarized H − ion source (OPPIS) [1] and then accelerated in a linear accelerator (Linac) to 200 MeV beam energy for strip-injection to the Booster and further accelerated to 24.3 GeV in AGS for injection in RHIC.
Precision, absolute polarization measurements in the wide energy range from a few keV (in the source) to 255 GeV (top RHIC energy) are required for accelerator tuning to minimize depolarization and finally for experimental data normalization. Therefore, the polarimetry is an essential component of the polarized collider facility. A complete set of polarimeters includes: Lamb-shift polarimeter at the source energy, a 200 MeV polarimeter [2] after the linac, and polarimeters in AGS and RHIC based on proton-Carbon scattering in Coulomb-Nuclear Interference region [3] . A polarized hydrogen jet polarimeter (HJET) was used for the absolute polarization measurements in RHIC [4] .
The 200 MeV polarimeter initial design was based on proton-Carbon inclusive scattering at 12 • angle. The polarimeter was calibrated to ±5% absolute accuracy in calibration experiment by comparison with proton-Deutron elastic scattering. The 12 • polarimeter is used for the source development polarization tuning and optimization. The polarized source upgrade to 10 mA H − intensity and 85% polarization required more accurate absolute polarization measurements at very high peak intensities. The precision absolute measurements at injection to Booster and AGS are also essential for depolarization studies in Booster and AGS. 
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Analyzing power of 200 MeV proton-Carbon scattering
For scattering with spin structure
, it has been demonstrated [5] that the analyzing power can be exactly unity for certain combination of the beam energy T 0 and scattering angle θ 0 . Such a case of p+ 12 C scattering at T 0 = 189±2 MeV and θ lab 0 = 17.3 • ±0.3 • was precisely studied at IUCF [6] . Around the maximum, the analyzing power is adequately approximated [7] by
with coefficients 
become the main limiting factor for such an absolute polarimeter. Comparison of analyzing powers and cross-sections for elastic and inelastic p ↑ C scattering is shown in Fig. 2 . For the 16.2 • scattering angle, the ∆ = 4.44 MeV inelastic events dilute the analyzing power by ∼ 2%.
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Absolute proton beam polarimeter at BNL Linac A.A. Poblaguev Figure 4 : Geant simulation of the stopping range distributions for the elastic and inelastic protons in copper absorber [10] 3. The 16.2 degree polarimeter
The 200 MeV inclusive polarimeter was upgraded and calibrated in the 2009 Run to absolute accuracy better than ±0.5% by using the proton-Carbon elastic scattering measurements in additional 16.2 • arms [11] .
To suppress the inelastic background, a very simple and efficient method was developed. At 16.2 • the scattered proton energy depends on ∆ as
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In spite of only a 2% gap between the elastic and inelastic energies, an absorber in the scattered proton path can efficiently isolate the elastic events due to a strong dependence of stopping power (see Fig. 3 ) on proton energy. The 194.1 MeV inelastic proton has 41 mm stopping range in copper. After passing such an absorber, the 198.5 MeV elastic proton will have 29 MeV kinetic energy which is equivalent to 8 mm stopping range in plastic scintillator. For copper, Geant simulation of the stopping range distribution for elastic (198.5 MeV) and inelastic (194.1 MeV) protons is shown in Fig. 4 . For a 40.5 mm Copper absorber, more than 80% of elastic protons will punch through the absorber while most of the inelastic protons will be stopped by it. The effective dilution of the elastic analyzing power only be 0.06% in this case.
The layout of the detector block (one arm) for the polarimeter tuned to 16.2 • is shown in Beam protons hit a thin Carbon target (about 4 mm in width and 100 µm in thickness). A collimated beam of scattered protons goes to consequently arranged plastic scintillation detectors. In order to adjust experimentally the absorber thickness, a stepwise absorber of variable thickness (0.5 mm step) was used in addition to the 38.1 mm fixed-length copper absorber.
The environmental (i.e. irrelevant to actual signal processing) systematic error of the spin asymmetry measurements was evaluated [10] as
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Fast Hamamatsu photomultiplier tube with fast scintillator BC-404 gave the output pulse less than 15 ns. A coincidence signal is formed in vicinity of the detector in the beam line by fast discriminators.
The spin correlated asymmetry was calculated in a standard way by comparing rates in left/right arms depending on the beam spin direction. By variation of the absorber thickness, it was experimentally determined that the spin correlated asymmetry goes to plateau if the absorber is thicker than 40.5 mm. This evidently means full suppression of the inelastic protons. The systematic error of the absolute polarization measurement was evaluated to be
including uncertainty in the analyzing power (2.3) and environmental (3.1) systematic error. The 16.2 • elastic polarimeter was employed for calibration of the 12 • polarimeter used for online polarization tuning and monitoring.
The 16.2 degree polarimeter upgrade in RHIC Run 2017
In the 200 MeV polarimeter, the data readout is done by means of scalers. During many years of the polarimeter operation, this simple method was found to be sufficiently adequate for the polarimeter goals. However, since the beam intensity was significantly increased within the last few years, we decided to upgrade the 16.2 • polarimeter with WFD readout to have permanent control for the rate and background effects. Also, the scintillator detectors behind the absorbers were
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Absolute replaced by three new counters, 10×10×9.5 mm 3 , in each arm. However, scintillator counters #0, with dimensions 6×6×4 mm 3 remained unchanged.
The new DAQ was based on NIM logic triggers and 250 MHz 12 bit WFD readout of the scintillator signals. For the WFD readout we adopted HJET software [12] . For the beam structure of 300 µs bunch every 4 s, the trigger rate was about ∼100 kHz in the bunch.
A typical signal waveform distribution is shown in Fig. 6 . Signal time was defined by the maximum amplitude sample number, m, with a fine correction based on the A m−1 /A m ratio. This simple and fast method allowed us to measure signal time with accuracy ∼100 ps (see Fig. 7) .
Detection of the scattered beam proton in the scintillator telescope is schematically shown in Fig. 8 . A proton with kinetic energy less than 31 MeV will be stopped in the first scintillator. For the energy range 31-46 MeV, it will be stopped in the second one. It should be noted, that a proton signal amplitude in plastic scintillator is, generally, a nonlinear function of the deposited energy. Thus, one should not expect that the measured amplitude has is proportional to the deposited energy and that the amplitude correlation looks exactly like the distribution in Fig. 8 . 
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Absolute proton beam polarimeter at BNL Linac A.A. Poblaguev For the minimal thickness absorber (38.1 mm of copper and actually 4 mm of the scintillator), the measured signal amplitude correlations in scintillators 1-2 and 2-3 are shown in Fig. 9 . We convincingly observe strong correlation between signal amplitudes which can be employed for background suppression. An excess of background events shown by the dotted line in the A 1 -A 2 distribution can be associated with the side leakage in the telescope (Fig. 8) .
In the study of the upgraded 16.2 • polarimeter, a low threshold coincidence of signals in three scintillator 0,1,2 were used as a trigger. The trigger was independent for the left and right arms. One arm signal distributions for the minimal thickness absorber is shown in Fig. 10 . The trigger thresholds can be easily identified on the plots. In this example, we selected events stopped in scintillator #3.
We studied spin asymmetry dependence on the total deposited energy in two consequent scintillators for two absorber thicknesses.
For the minimal thickness absorber, we studied the spin correlated asymmetry as a function of the sum A 2 + A 3 of amplitudes in scintillators #2 and #3. The results are shown in Fig. 11 . 
Absolute proton beam polarimeter at BNL Linac A.A. Poblaguev A small difference (less than 2 standard deviations) between asymmetries in the A 2 + A 3 intervals 1800-2700 and 2800-3500 may be attributed to either the contribution of inelastic events or to a systematic error of about ∼ 0.4% in the measurements.
For the 1.5 mm variable thickness absorber, the results are shown in Fig. 12 . No evidence of the asymmetry dependence on the deposited energy was found which allows us to interpret these events as elastically scattered beam protons.
To evaluate systematic errors in measurements, we used events shown in Fig. 13 . The projection to axis ξ = A 1 + 0.45 A 2 is convenient for such a study because it minimize the width of the elastic signal distribution.
It was found that event rate distributions for spin up and down are essentially different (see Fig. 14) which, depending on the event selection cuts, may result in a strong systematic error in In this measurement, the spin down event rate in scintillators was about factor 10 higher than for spin up.
Absolute proton beam polarimeter at BNL Linac A.A. Poblaguev polarization measurement. However, such an effect may be suppressed if both, spin up and down, distributions are within the (wide) event selection cut. For example, for the cuts shown in Fig. 14 , the discussed systematic error is less than 0.1%. Since the event rate in a polarimeter arm strongly depends on the beam polarization, we attribute the observed amplitude correlation with the beam spin to the signal amplitude dependence on the event rate in scintillator counter.
In the polarimeter upgrade study he have used two different scintillator types. The effect was observed only for one scintillator type. Also it was noticed that the observed amplitude-spin correlation was almost gone when the beam intensity was reduced by factor 4. More study of the issue is still needed.
For event selection cuts shown in Fig. 13 , the measured event rate and spin asymmetry distributions are shown in Fig. 15 . A background contribution to the effective analyzing power (and therefore to the systematic error of the beam polarization measurement) can be approximated as
where f bgr is background the background fraction in the selected events. For the backgrounds not correlated with the studied elastic events (1 and 3 in Fig. 15 ) one can evaluate f bgr 0.001. For the "side-leakage" background (2) f bgr ∼ 0.05. Considering the distribution of measured spin asymmetries, we can conclude Also, taking into account the uncertainty in the value of the analyzing power (2.3), environment related systematic errors (3.1) and actual statistical accuracy of the verification of the inelastic protons suppression, we can evaluate the systematic error of the absolute polarization measurement in the 16.2 • degree polarimeter as (σ P /P) syst 0.6% (4.3)
Summary
The 16.2 degree absolute polarimeter at BNL Linac was upgraded to the WFD base DAQ. The first measurements with the upgraded polarimeter confirmed the previous result [11] that the Linac 200 MeV beam absolute polarization can be measured with systematic error of about σ P /P ∼ 0.5%. The new DAQ allows us to adequately control the conditions of the measurements and, thus, makes the polarimeter easily adjustable to possible changes of the beam intensity, backgrounds, gains in photo-multipliers, etc.
Some improvements are still needed:
• Optimizing the scintillator counters, including the choice of scintillator material (in order to resolve the rate problem) and its dimensions.
• Optimization of the copper absorption thickness.
• Trigger less DAQ based on a 250 MHz WFD with a 300 µs (75k samples) readout capability.
We plan to continue studying/commissioning the 16 degree absolute polarimeter for the 200 MeV proton beam in RHIC Run 2019.
